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The purpose of this investigation was to study the removal of 
phosphorus from waste water by sorption on activated alumina, and 
determine the capacity of the alumina to sorb phosphates in the 
presence of other ions, the effect of the influent flow rate and 
phosphorus concentration on the efficiency of the process, and the 
feasibility of regeneration of the used alumina. 
The studies were conducted using deionized and tap water to 
which inorganic phosphate had been added, and secondary effluent from 
bench-scale activated sludge units. They involved batch tests em-
ploying three types of activated alumina, ALCOA XM (minus 325 mesh), 
F-1 (minus 100 mesh), and F-1 (28-48 mesh), and continuous-flow 
tests carried out in three specially designed glass sorption columns 
using the F-1 (28-48) alumina. Major parameters employed included 
the influent and effluent phosphorus concentration, pH, alkalinity, 
and total and calcium hardness. 
Activated alumina was found to have a greater capacity for re-
moving phosphorus in the presence of hardness-causing ions, and each 
type of alumina had a different capacity for each test water used. 
The sorptive capacity in tap water and secondary effluent of the 
XM (minus 325), F-1 (28-48), and F-1 (minus 100) was respectively 
3, 2 to 2.7, and 1.5 times greater than it was in deionized water. 
ii 
The fraction of phosphorus removed by each alumina decreased when the 
initial phosphorus concentration in the test water increased; however, 
the amount of phosphorus removed on a unit weight basis was greater. 
The influent flow rate inversely affected the phosphorus loading 
capacity of the alumina, and the used aluminas could be effectively 
regenerated with a 2M sodium hydroxide solution alone. 
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I. INTRODUCTION 
Several factors have combined to create the serious pollution 
problem of eutrophication* of surface waters through the discharge 
of waste water and agricultural runoff. These factors include the 
rapid growth of population, the trend toward urbanization, the ex-
tensive use of synthetic detergents, the growing use of garbage 
grinders, and the increasing application of inorganic fertilizers (1). 
As a result, large volumes of mineral-enriched water are discharged 
into relatively small bodies of water. 
As the demand for water increases, more and more municipalities 
and industries will turn to the reuse of surface water supplies. 
Surface waters can be utilized so long as they do not become eutrophic. 
Water quality problems associated with the use of eutrophic surface 
waters are the direct result of an overly abundant growth of aquatic 
plants and animals (2). The most frequently encountered problem is 
taste and odor resulting from algal growth; in addition, some species 
of algae are responsible for filter-clogging which causes shorter 
filter runs and hence frequent backwashing. Other serious effects of 
eutrophication are the discoloration of the water, increase of tur-
bidity in water, unsightly floating algal mats, extinction of fish life 
due to depletion of oxygen by decomposing dead algae, interference with 
navigable waterways, and impairment of recreational areas. It has been 
reported (3) that excessive growths of algae have affected more than 
50 percent of the total municipal water supplies. 
*Eut~ophication can be referred to as the aging of a water body due to 
excessive nutrients causing a prolific growth of algae and other 
phytoplankton. 
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The nutrients required for algal growth are carbon, hydrogen, 
oxygen, sulfur, potassium, calcium, magnesium, nitrogen, and phos-
phorus, Among these nutrients, nitrogen and phosphorus are considered 
to be the essential elements in supporting excessive algal blooms (4), 
A great deal of thought and study has gone into how these two essential 
elements might be removed from the sewage effluents, Earlier studies 
showed that both nitrogen and phosphorus could be removed almost com-
pletely by activated sludge treatment, if the sewage were fortified 
with adequate amounts of carbohydrate matter (5). However, it was 
found that the use of refined carbohydrates (such as glucose) for the 
removal of nitrogen and phosphorus from sewage would increase sludge 
handling and would not be economically feasible for most situations. 
Attention was then focused on limiting the supply of either nitrogen 
or phosphorus to control excessive algal growth on the basis of 
Liebig's Law of the minimum (6). The reduction of all forms of 
nitrogen, such as ammonia, organic, nitrite and nitrate nitrogen, 
has been reported to be extremely difficult by means of a single treat-
ment (7). Also, the control of algae by removing nitrogen is con-
sidered problematic because certain species of blue green algae, with 
great nuisance potential, are capable of fixing nitrogen from the 
atmosphere. In addition, the fertilizing effect of nitrates has been 
reported to be dependent on the phosphate content in the water, and 
the effect of nitrates can be reduced by keeping the phosphate under 
control (8). Therefore, limiting the supply of phosphorus has been 
considered to be the only practical alternative for algal control. 
Chemical methods for phosphate removal may be employed either 
independently as a separate treatment or as a combined chemical-
biological treatment. In the chemical treatment, a chemical, such 
as lime, alum or iron salt, is added to form an insoluble precipitate 
with phosphate which is subsequently removed by sedimentation. When 
this method has been used in combination with biological processes, 
phosphorus removal efficiencies of 79.5 to 99 percent, corresponding 
to effluent concentrations of 1.73 to 0.05 mg/1 P, have been reported 
(9). Apart from chemical precipitation, other chemical processes used 
for phosphate removal include ion exchange, electrodialysis, electro-
chemical treatment, and sorption (10,11). 
Sorption is a process which attempts to remove phosphates by 
passing a stream of water through a column containing a suitable 
sorbent. High surface area activated alumina has been used by 
Yee (12,13) to sorb mixed phosphates from water streams and from a 
low-level radioactive process waste water. According to Yee, phos-
phate removal efficiencies of 99 percent could be achieved without 
altering the chemical composition of the treated water, and the ex-
hausted alumina could be regenerated for reuse with small amounts of 
sodium hydroxide and nitric acid. While chemical precipitation with 
lime, alum, or ferrous sulfate could be successfully used in con-
trolling excessive amounts of phosphates from entering natural bodies 
of water, certain undesirable effects would be imposed on the treated 
water, including an increase in the sulfate ion concentration when 
alum or ferrous sulfate is used, and an addition of calcium ions 
accompanied by pH values as high as 11 when lime is employed. On 
the other hand, in sorbing phosphates from solution, activated alumina 
neither adds salts to the treated water nor alters its basicity. For 
these reasons, further evaluation of the use of activated alumina was 
desirable. 
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The purpose of this research was to investigate the sorption 
method of removing phosphates from solutions using activated alumina. 
The specific objectives were to evaluate the capacity of activated 
alumina to sorb phosphates in the presence of other ions, to determine 
the effect of ionic concentration on the process efficiency, and to 
investigate the feasibility of regeneration of the used alumina. 
The studies were conducted in two phases: the first phase con-
sisting of preliminary batch tests was undertaken to determine the 
sorptive capacity of the activated alumina, and the second phase in-
volving column studies was employed to investigate the effect of the 
feed rate and ionic strength on the phosphate removal efriciency of 
the alumina bed. Three types of alumina,* ALCOA XM (minus 32.5 mesh), 
F-1 (minus 100 mesh), and F-1 (28-48 mesh), were used in the batch 
studies: and the column experiments were conducted with ALCOA F-1 
(28-48 mesh) alumina. Three types of phosphate containing water were 
used, including deionized and tap water to which inorganic phosphate 
in the form of potassium dihydrogen phosphate has been added at con-
centrations of 10 and 20 mg/1 P, and secondary effluent containing 
10 mg/1 P which was obtained from a bench-scale activated sludge waste 
treatment system fed with settled sewage from the Rolla Southeast 
sewage treatment plant. The major parameters employed were the pH, 
alkalinity, hardness, and phosphate concentration of the treated and 
untreated water. 
*Products of the Aluminum Company of America, Pittsburgh, Penn. 
4 
II. REVIEW OB' LITERATURE 
Research findings and plant data pertaining to the removal of 
phosphorus by chemical precipitation, combined chemical-biological 
treatment, and sorption are reported in this chapter. 
A. CHENICAL PRECIPITATION PROCESS 
Theoretically, phosphorus could be removed from solution through 
precipitation as an insoluble salt or by adsorption on some insoluble 
solid phase. Available experimental evidence (7) indicates that both 
mechanisms might be operative. In the case of lime coagulation, the 
principal mechanism appears to be precipitation of insoluble calcium 
phosphate; while with iron salts and alum, adsorption on hydrated 
oxide floc particles appears to play a major role along with the 
formation of an insoluble salt (7). 
Lime, ferric chloride, alum, and sulfuric acid have been studied 
as agents for the removal of phosphorus from raw sewage. Stones (14) 
investigated the effect of lime, sulfuric acid, and alum on phosphorus 
removal by precipitation. One liter volumes of sewage were treated 
with 400 mg/1 of each chemical and then allowed to settle for 18 hr. 
He reported that alum and lime could achieve phosphorus removals of 
94 and 88 percent, respectively, while sulfuric acid solubilized part 
of the phosphorus that would have been removed by sedimentation. 
Neil (15) added 94 mg/1 alum and 3.4 mg/1 activated silica to 
the influent of the sedimentation tank of a 1.5 mgd primary treatment 
plant and obtained an effluent phosphorus concentration of 3.15 mg/1 
P04 or a corresponding reduction of 81 percent. Filtration of the 
sample reduced the concentration to 0.33 mg/1 P04 with a correspond-
ing removal of 98 percent. 
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Karanik and Nemerow (16) conducted jar studies and found that 
an optimum dose of 300 mg/1 lime raised the pH of raw sewage to 11.4 
and caused a reduction of the phosphate content from 27.9 to 1.8 mg/1 
P04. In similar studies by Sawyer (6), the total phosphorus was re-
duced from 3 to 4 mg/1 P to 0.5 mg/1 P with the addition of 50 mg/1 
ferric chloride. 
Buzzel and Sawyer (17) treated raw waste water from several 
treatment plants with lime in the laboratory and found that the pro-
cess could remove 80 to 90 percent of the total phosphorus and more 
than 97 percent of the soluble inorganic phosphorus; in addition, 
lime treatment reduced the BOD by 50 to 70 percent, the nitrogen by 
almost 25 percent, and the coliform count by 99.9 percent. The lime 
requirement for each waste water was found to be independent of the 
phosphorus concentration and could be estimated from the alkalinity 
present. Also, lime dosage could be controlled by measurement of the 
pH value. The volume of the sludge produced was approximately one 
percent of the volume of the waste water treated. Subsequent treat-
ment of lime-treated waste water by the activated sludge process was 
found to be unsatisfactory, owing to the low BOD of the treated water. 
B. COMBINED CHEMICAL-BIOLOGICAL PROCESS 
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Schmid and Mckinney (18) suggested that lime treatment should 
precede rather than follow biological treatment for the most economical 
design based on the results of jar tests in the laboratory. They re-
ported that the initial lime dosage was quite effective in removing 
relatively large amounts of phosphorus. As the phosphate concentration 
was reduced to a low level, below 10 mg/1, the lime dosage required 
to remove a unit of phosphorus began to increase quite rapidly. For 
this reason lime treatment could best be used to remove the initial 
fraction of phosphate from the waste water, and the residual low con-
centration of phosphorus could be utilized by the microorganisms in 
the activated sludge, Using this approach in pilot plant studies, 
they reported that the addition of 150 mg/1 of calcium hydroxide to 
raw domestic sewage containing 40 to 50 mg/1 P04 resulted in a pH of 
9.5 and a total phosphorus removal of 80 percent. Subsequent treat-
ment of the primary effluent by activated sludge achieved an overall 
phosphate removal of 90 to 95 percent. The microbial production of 
carbon dioxide in the activated sludge unit was sufficient to main-
tain a near neutral pH in the aeration compartment. Lime regener-
ation from the sludge mixture was not considered to be practical 
since very little calcium carbonate was precipitated at the normal 
operating pH. 
In a similar study by Albertson and Sherwood ( 7), the addition 
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of lime to the primary tank to reach a pH of about 9.5 did not have 
any effect on the microbial population in a completely mixed activated 
sludge aeration chamber. They reported a 75 percent phosphorus re-
moval leaving a residual of 2 mg/1 P in the primary effluent. From 
this residual, the activated sludge could remove up to 50 percent. 
Barth and Ettinger (19) conducted pilot plant studies at the 
Cincinnati Water Research Laboratory of the Federal water Pollution 
Control Administration to determine the removal of phosphorus by 
directly dosing various chemicals to the activated sludge aeration 
chamber. A 100-gpd pilot plant with a 6-hr total detention time 
(3-hr actual detention time when the return sludge rate is considered) 
was used with domestic sewage as the substrate, They concluded that 
sodium aluminate was the most desirable precipitant because it was 
effective, did not lower the pH in the system, and had no effect on 
COD removal. According to these investigators, an aluminum to phos-
phorus ratio of 1 to 1 could be expected to produce an effluent with 
approximately 0.5 mg/1 P residual phosphorus; however, this ratio 
would be changed by the interference of other ions in the waste. 
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Barth, et a.l. (20) also conducted field studies on phosphorus removal 
by the addition of sodium aluminate directly on the trickling filter 
media. through the dosing siphon. It was found that the precipitation 
of insoluble aluminum phosphate took place on the filter media surface. 
Also, no adverse ef~ects were noted on the physical operation of the 
filter or the biological slime attached to the rock media, However, 
this technique of direct dosing of a. mineral supplement to the rock 
media was not as efficient for phosphorus removal as mineral addition 
to an activated sludge aeration tank. The efficiency of phosphorus 
removal was 63 percent with doses of aluminum at an Al to P molar ratio 
of 1.to 1. Doses of aluminum in excess of the 1 to 1 ratio did not 
increase the efficiency of phosphorus removal. 
Zenz and Pivnicka (21) studied phosphorus removal by the addition 
of alum to the activated sludge unit at the Hanover Park Water Recla-
mation Plant. They found that the chemical-biological process could 
produce an 83 percent reduction in total phosphorus at an Al to total 
P ratio of 1,54, and a. 93 percent removal of soluble phosphorus at 
an Al to soluble P ratio of 1.85; the corresponding effluent phosphorus 
concentrations were 2.3 mg/1 total P and 0.83 mg/1 soluble P, respec-
tively. Lower residual phosphorus concentrations could be obtained 
by increasing the alum dose. 
Vedder (22) studied the removal of phosphorus by chemical pre-
cipitation with sodium aluminate and alum added directly to the acti-
vated sludge aeration chamber. He reported that Al to P ratios of 
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1. 3 and 1. 9 were required with alum and sodium aluminate, respectively, 
to produce a minimum residual phosphorus concentration in the range of 
1.0 mg/1 P from an influent concentration of around 10.6 to 15.3 mg/1 P. 
The addition of sodium aluminate or alum did not significantly affect 
the COD removal efficiency and the pH of the mixed liquor in the acti-
vated sludge aeration chamber. 
C. SORPTION PROCESS 
Yee (12,13) was the first to investigate the reduction of phos-
phorus by sorption on activated alumina. He used in his work ALCOA 
F-1 (80-200 mesh) alumina with a surface area of 250 sq m/g and con-
ducted column studies to evaluate the selective removal of phosphorus 
from water containing 25 mg/1 P04 (a.s orthophosphate). He reported 
that a downflow 2-ml acid-treated alumina column produced 1,000 column 
volumes of effluent with more than 99 percent removal of orthophos-
phate. In upflow studies, low-level radioactive process waste water 
containing mixed phosphates with about 1 to 3 mg/1 P04 was tested in 
200-ml columns. Yee estimated that about 20,000 column volumes could 
be processed at not more than one percent breakthrough in the effluent. 
According to him, the alumina did not change the chemical composition 
of the treated water, and the exhausted alumina could be regenerated 
for reuse with a small amount of caustic soda and nitric acid. 
Neufeld and Thodos (23) conducted column studies to determine 
the removal of phosphorus from aqueous solutions with ALCOA F-1 (28-
48 mesh) activated alumina. Synthetic orthophosphate solutions 
containing 10 and )0 mg/1 P04 were employed in short column studies 
(4.5 em diameter and 1,97 em height) and a solution containing 
120 mg/1 P04 was used in long columns (4.2 em diameter and 26 em 
height). They reported that alumina columns could achieve in excess 
of 99.9 percent orthophosphate from the solutions. 
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Ames and Dean (24,25) extending Yee's work, studied phosphate 
sorption from two types of secondary plant effluent using activated 
alumina columns. Several ?6-ml columns containing different aluminas 
were used in a series of tests with a synthetic secondary effluent 
containing 3.5 to 10.3 mg/1 P, and 1,000-ml columns containing 20 to 
50 mesh alumina were employed with Richland trickling filter plant 
effluent containing 8 to 12 mg/1 P. These investigators reported that 
from 95 to more than 99 percent of phosphorus was removed from the 
synthetic secondary sewage effluent by the alumina beds providing an 
effluent concentration of 0.03 mg/1 P, or less, at flow rates of less 
than 10 column volumes per hour. The same phosphorus removals were 
obtained with up to 500 column volumes of Richland trickling filter 
effluent. The exhausted alumina was satisfactorily regenerated with 
2M sodium hydroxide solution alone, and nitric acid was not required 
as reported by Yee (12,13). 
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III. NODE OF STliDY 
A. EQUIPNENT 
The research work was carried out utilizing a multi-unit variable 
speed stirrer, three sorption columns, a test water feed system, and 
an activated sludge waste treatment system. A brief discussion of this 
equipment is presented in this chapter. 
1, Multi-Unit Variable Speed Stirrer. 
The first phase of the research study was conducted with a six-
unit variable speed stirrer* (Figure 1), usually employed for water 
coagulation studies. The unit could be operated at speeds of 20 to 
100 rpm. The test water was placed in 1 ,000-ml Pyrex beakers. 
2. Sorption Columns. 
Three specially designed laboratory test units were used in this 
research to evaluate the effect of feed rate and ionic concentration on 
the sorptive capacity of the activated alumina. Each unit consisted of 
a 1.5-in diameter, 2-ft high heavy walled borosilicate glass column** 
equipped with inlet and outlet devices and capable of operating under 
pressures up to 50 psi. The overall column arrangement is shown in 
Figure 2. The bottom of each column was packed with a 2-in layer of 
6-mm diameter hollow perforated glass beads followed by a 2-in layer 
of 4-mm diameter solid glass beads to dissipate the velocity head of 
the feed water. A layer of Pyrex glass wool was placed on the solid 
glass beads to separate the alumina from the beads. The influent waste 
water was fed to the columns in an upflow direction, Samples were 
collected through the inlet and outlet devices at the bottom and top 
of the column. 
*Model 77-903, a product of Phipps & Bird, Inc., Richmond, Va. 














Figure 2. SORPTION COLUMN ARRANGEMENT 
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J. Test Water Feed System. 
This system consisted of three 15-gal polyethylene tanks, each 
serving as a feed reservoir for one column and holding phosphate-con-
taining water. The test water was fed at the bottom of the column 
by a Sigmamotor multi-channel finger pump* equipped with Revco Zero-
Max Speed Changer** for flow rate control. The average feed rate 
was measured from the outlet tubing of the column by means of a 
graduated cylinder and a stopwatch. 
4. Activated Sludge Waste Treatment System. 
Two bench-scale continuous-flow activated sludge waste treatment 
units (Figure 3) were operated to supply the secondary effluent used 
as one of the three feed waters for the column studies. Each unit 
was built with 1/4-in plexiglas, and was divided into two compartments, 
aeration and settling, and provided with an influent tube, an aeration 
tube, an adjustable effluent tube, and a waste sludge drain tube as 
shown in Figure 3. The aeration compartment had a volume of 2.15 1 
and was separated from the 0.73-1 settling chamber by a sliding baffle. 
The aeration tube was equipped with a diffuser stone and the air was 
supplied through a self-regulating air pump,# The two activated sludge 
units were fed with settled sewage from the Rolla Southeast waste treat-
ment plant. One 5-gal polyethylene carboy served as a feed reservoir 
and the sewage was pumped to both units by means of a Sigmamotor 
pump. The general arrangement of the system is shown in Figure 4. The 
flow rate was directly measured from the feed tubing by means of a 
graduated cylinder and a stopwatch. 
*Model T-8, a product of Sigmamotor Inc., Middleport, N.Y. 
**Model 10E 400, a product of the Zero-Max Company, Minneapolis, r.ann. 
#pressure-Vacuum Dyna-Pump, purchased from the Fisher Scientific Company, 
St. Louis, Mo. 
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Since sewage was the substrate, refrigeration was necessary to 
keep biological activity at a minimum. The feed bottles were, there-
fore, placed in a cold room* where the temperature was maintained at 
tooc. The effluent from the activated sludge units was collected in 
5-gal polyethylene carboys and was stored in the cold room before 
feeding the alumina columns. 
B. MATERIALS 
The materials used in this study are presented here. These in-
eluded the activated aluminas, test waters, activated sludge, and 
sewage. 
1. Activated Aluminas. 
Three types of activated alumina, ALCOA F-1 (28-48 mesh), F-1 
(minus 100 mesh), and XM (minus 325 mesh),were employed a.s sorbents 
in the batch studies. The column experiments were conducted with 
F-1 (28-48 mesh) alumina. only. The typical properties** of these 


















210 sq m/g 
52 lb/cu ft 
55 lb/cu ft 
3.3 
*Model 704A constant temperature room, a product of Lab-Line Instru-
ments, Inc., Melrose Park, Ill. 
**From Alcoa. Product Data. Report, section GB2A, dated June 1, 1967. 
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2. Test Waters. 
Three types of water containing phosphate were investigated both 
in the batch and column studies. The first two types consisted of 
deionized and Rolla tap water to which inorganic phosphate in the 
form of potassium dihydrogen phosphate was added at appropriate con-
centrations. The third type of water was secondary effluent from 
the bench-scale activated sludge waste treatment system. Deionized 
water was obtained by passing Rolla tap water through a Bantam De-
mineralizer* with a mixed resin cartridge at a flow rate of 5 to 
10 gph. 
J. Activated Sludge. 
A fill and draw unit was operated to provide a source of acti-
vated sludge for the bench-scale treatment system. The activated 
sludge was initially developed in the laboratory by aerating raw 
domestic sewage and feeding with settled sewage at regular intervals. 
The unit was aerated for a period of 23 hr daily and permitted to 
settle for 1 hr. The clear supernatant was then siphoned out, the 
unit was fed, and aeration was resumed. 
4. Sewage. 
Settled domestic sewage was used as the substrate in the acti-
vated sludge units and was obtained from the dosing tank of the Rolla 
Southeast trickling filter plant two times a week in 5-gal carboys, 
25 gal at a time, and was kept under refrigeration to minimize mic-
robial activity. 
*A product of the Barnstead Still and Sterilizer Co., Boston, Mass. 
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C. EXPE:RH'IENTAL DETERMINATIONS 
The major parameters employed in this research study included 
phos~horus, hardness, alkalinity, and pH. Occasionally chemical 
oxygen demand (COD) and suspended solids determinations were made 
on the secondary effluent~ 
1 • Phosphorus. 
Orthophosphate was primarily measured in this investigation; 
however, total phosphorus as well as total inorganic phosphorus 
were also determined in one of the column runs with the secondary 
effluent. There were two reasons for the measurement of orthophos-
phate. First, while the inorganic phosphates in the sewage exist 
in various forms such as orthophosphate, pyrophosphate, tripolyphos-
phate and hexametaphosphate, all eventually hydrolyze in an aqueous 
solution and revert to the ortho for.m. Second, the measurement of 
orthophosphate was considered to be simpler and faster. 
Since the Standard Methods for the Examination of Water and 
Wastewater (26) does not recommend a method for the determination of 
phosphorus in waste water,* a method proposed by Jankovic, et al. 
(27) for use in waste water was employed. This method involved the 
formation under acidic conditions of an ammonium phos~homolybdate 
complex, reduction of this complex with ascorbic acid to give a blue 
colored sol, and measurement of the color intensity on a spectre-
photometer, 
simplicity. 
This method was selected because of its accuracy and 
According to Jankovic and associates, the use of 
stannous chloride as the reducing agent, which is recommended in 
*Methods are given for the determination of phosphates in water, 
19 
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Standard Methods (26, p.234) gave erroneous results when detecting 
known amounts of added phosphorus in domestic sewage. On the other 
hand, the use of ascorbic acid resulted in detection of all added phos-
phorus. The blue colored sol was reported to be stable for at least 
1 hr as opposed to 2 min for the stannous chloride method, and the 
addition of only one reagent was necessary when preparing a sample. 
Phosphorus determinations were conducted using the reagents and 
procedure described by Jankovic, et al. (27), except that a wave-
length of 710 m~ was employed. The sample was diluted with deionized 
water as needed to obtain a spectrophotometric transmittance in the 
range of 30 to 60 percent. Eight milliliters of a mixed reagent* 
were placed in a Nessler Tube and sufficient diluted sample was added 
to provide a total volume of 50 ml. Ten minutes were allowed for 
color development and the percent transmittance was determined using 
a Hitachi Perkin-Elmer spectrophotometer.** A blank prepared in a 
similar manner using deionized water was employed to set the trans-
mittance to 100 percent. The phosphorus concentration in the sample 
was determined on the basis of the percent transmittance from a 
calibration curve prepared using a standard phosphate (KH2P04) 
solution, and the results were reported as mg/1 P. 
In the case of total phosphorus determinations, the sample was 
initially digested with potassium persulfate as the oxidant. Two 
*Prepared by mixing 125 ml of a 5N sulfuric acid solution with 
37.5 ml of an ammonium molybdate solution (40 g/1) and then adding 
75 ml of a 0.1M ascorbic acid solution and 12.5 ml of a potassium 
antimonyl tartrate solution (0.2743 g/100 ml); this mixture was 
prepared daily. 
**Model 139 ultraviolet visible spectrophotometer, a product of the 
Coleman Instruments Corporation, Maywood, Ill. 
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milliliters of 5N sulfuric acid and 1 g of potassium persulfate were 
added to a 125-ml Erlenmeyer flask containing 10 ml of sample and a 
few boiling beads. The mixture was diluted to about )0 ml with 
deionized water and boiled for 15 min. It was then cooled and diluted 
to an appropriate volume for phosphorus determination. 
In the case of total inorganic phosphorus determinations, 1 ml 
of 5N sulfuric acid was added to a 125-ml Erlenmeyer flask containing 
20 ml of sample and a few boiling beads. The mixture was boiled for 
15 min. It was then cooled and diluted to an appropriate volume 
for phosphorus determination. 
2. Hardness. 
Hardness determinations were made to evaluate the effect of ions 
on phosphorus removal. A method recommended by Standard Methods 
(26, p.146) and modified by Hach (28) was used in measuring total 
and calcium hardness. A titrant was prepared by dissolving 4 g 
of TitraVer* powder in 750 ml of deionized water and was standardized 
with a standard calcium chloride solution to the strength of 1 ml of 
the solution being equivalent to 1 mg calcium carbonate. Two types 
of powdered buffer-indicator combinations, UniVer II* and CalVer II*, 
were employed. The TitraVer solution when added to a sample contain-
ing metallic cations formed a chelated soluble complex. For total 
hardness determinations, a 1-g spoonful of UniVer II was added to 
a 250-ml Erlenmeyer flask containing 50 ml of sample. The color of 
the mixture became wine red due to the presence of hardness-causing 
ions. The sample was then titrated with the standard TitraVer 
*A product of the Hach Chemical Co., Ames, Iowa. 
solution until the wine red color turned blue. The calcium hardness 
was determined by a similar procedure. However, 0.5 ml of an 8N 
potassium hydroxide solution was added to the sample before the 
addition of the indicator, and a 0.1-g spoonful of CalVer II indi-
cator was used instead of UniVer II. 
). Alkalinity. 
The main purpose for determining alkalinity was to study the 
effect of alumina on the quality of treated water. The method recom-
mended by Standard Methods (26, p.48) was employed to measure phenol-
phthalein and methyl orange alkalinity in the samples. 
4. pH Value. 
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The pH of the samples was measured to determine the effect of acti-
vated alumina on the quality of the treated water. A Beckman Zeromatic 
pH meter* was used for this purpose. 
5. Chemical Oxygen Demand. 
The chemical oxygen demand provided a measure of the strength 
of the settled sewage fed to the activated sludge units and of the 
quality of the effluent produced. Chemical oxygen demand was de-
termined according to Standard Methods (26, p.)1o). A mixture con-
taining 20 ml sample, 0.4 g mercuric sulfate, 10 ml of a 0.25N 
potassium dichromate solution, 30 ml concentrated sulfuric acid, 
and a few boiling beads was refluxed for a 2-hr period. The mixture 
was then cooled to room temperature, diluted to approximately 140 ml, 
and titrated with a o.o)N ferrous ammonium sulfate solution using 
ferroin as an indicator to determine the amount of dichromate remaining. 
*A product of Beckman Instruments Inc., Fullerton, Calif. 
A blank containing 20 ml deionized water was also run concurrently 
with each set of samples. 
6. Suspended Solids. 
Suspended solids were used as a means of controlling experi-
mental conditions in the activated sludge units and a measure of the 
quality of the effluent produced. The procedure outlined in Standard 
Methods (26, p.422) was employed for this determination, except that 
fiberglass filters* were used with the Gooch crucibles in place of 
the specified asbestos mats. A 25-ml volume of sample was filtered 
through a dried and tared crucible; the crucible was then dried in 
a 103°C oven for 1 hr, cooled and weighed, and the weight increase 
was used to determine the suspended solids. 
D. EXPERIMENTAL PROCEDURES 
1. Batch Studies. 
Batch studies were performed using a multi-unit variable speed 
stirrer and the following test procedure: 
a. An appropriate volume of test water containing phosphate 
was placed in six 1,000-ml beakers and the initial phos-
phorus concentration, pH, hardness, and alkalinity were 
determined. 
b. The beakers were placed on the stirring device, the 
stirring mechanism was activated and its speed adjusted 
to approximately 100 rpm. An appropriate weight of acti-
vated alumina was added to each beaker and mixed for a 
predetermined period of time. 
*Catalog No. 934AH, a product of the H. Reeve Angel & Co., Clifton, 
N .J • 
2.3 
c. The stirring blades were then removed and the mixture was 
allowed to settle for a 15-min period. Mixtures which were 
not clarified after settling were centrifuged at 560G for 
15 min in an International Centrifuge.* 
d. The supernatant or centrate from each beaker was transferred 
to a 250-ml beaker and used for the final determination of 
phosphorus concentration, pH, hardness, and alkalinity. 
2. Column Studies. 
Column studies were conducted using specially designed glass 
columns equipped with inlet and outlet devices. Each column was 
packed with 160 g of ALCOA F-1 (28-48 mesh) activated alumina to 
give a bed volume of 174 ml. In preparing a column, 160 g of dry 
alumina was placed in a beaker and saturated with deionized water. 
The alumina-water mixture was then introduced into the column, the 
excess water standing on the alumina top was drained off, the out-
let device was installed on the top, and the inlet device was con-
nected to the feed water system. The following experimental pro-
cedure was employed: 
a. The test water containing phosphate was pumped into the 
column at the desired flow rate by means of a Sigmamotor 
Pump. The pumping was continued until a predetermined 
breakthrough was obtained. 
b. The flow rate was measured and adjusted, if necessary. 
c. Samples were collected from the inlet and outlet at 
appropriate periods and were analyzed for phosphorus con-
centration, pH, hardness, and alkalinity. 
*Model CL, a product of the International Equipment Co., Needham 
Heights, Mass. 
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d. When the column was completely exhausted or a predetermined 
phosphorus concentration was present in the e££luent, the 
column was regenerated with a 2M sodium hydroxide solution 
and subsequently washed with distilled water. The phos-
phorus concentration in the spent regenerant and the pH 
in the wash water were measured. 
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IV. PRESENTATION OF DATA AND RESULTS 
Activated alumina was investigated as a sorbent for the removal 
of phosphorus in deionized and tap water fortified with phosphate 
(in the form of potassium dihydrogen phosphate), and in secondary 
sewage effluent. The studies were conducted in two phases; the 
first phase involved batch studies, and the second phase was carried 
out in three specially designed glass sorption columns. The major 
experimental parameters employed were the influent and effluent 
phosphorus concentration, pH, hardness, and alkalinity. 
A. BATCH STUDIES 
Batch studies were carried out with three types of activated 
alumina, ALCOA XM (minus 325 mesh), F-1 (minus 100 mesh), and F-1 
(28-48 mesh) in a six-unit, variable speed stirrer. Each alumina 
was investigated for its phosphorus removal efficiency in the three 
phosphate containing waters which had the following characteristics. 
Characteristics 
pH 
Total hardness, mg/1 as CaC03 
Calcium hardness, mg/1 as CaC03 
Total alkalinity, mg/1 as CaC03 
Acidity, mg/1 as CaC03 
COD, mg/1 
Suspended solids, mg/1 
Orthophosphate, mg/1 P 


























The studies consisted of eighteen sets of tests: three preliminary 
sets to develop the rate of sorption characteristics for the three 
aluminas, nine sets to investigate the effect of alumina and ionic 
concentration on phosphorus removal and to evaluate the alumina 
26 
sorption capacity, and six sets to study the effect of phosphate 
concentration on the efficiency of removal. 
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The three preliminary sets were run with deionized water contain-
ing 14.6 mg/1 P to determine the mixing time to be employed in the 
subsequent batch tests and the rate of phosphorus sorption by each 
alumina. For this purpose, 6 g of each type of "as-received" alumina 
was added to 1 l of test water and the mixture stirred for periods 
up to 13 hr. The results of this three tests are presented in Figure 
5. The XM activated alumina sorbed almost 100 percent of phosphorus 
after a mixing period of 6.5 hr, while the F-1 (minus 100) and F-1 
(28-48) aluminas removed 90 and 70 percent, respectively. The lower 
phosphorus removals by the F-1 aluminas were due to the larger grain 
size of these materials as reported by Ames (24). The rate of sorption 
in the case of the XM type was 0.41 mg/g-hr which decreased to about 
0.2 mg/g-hr for F-1 (minus 100) and to less than 0.19 mg/g-hr for 
F-1 (28-48). In the beginning, because the F-1 type was indicated 
(29) to be a restricted product available on an allotment basis and 
only the XM type was expected to be widely available, the rate of 
sorption tests were made only on the latter type alumina; on the 
basis of this study a 6.5-hr stirring time was selected and used in 
all future tests. Subsequently, it was found that the ~1 and F-1 
(minus 100) aluminas created operational problems in the column 
studies and had to be replaced with F-1 (28-48). 
1. Effect of Activated Alumina. 
The primary objective of this study was to investigate the 
effect of alumina on phosphorus removal and on the quality of the 
test water. Nine sets of batch tests were carried out; each set 
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RATE OF SORPTION OF PHOSPHORUS BY ACTIVATED ALUMINA 
Deionized Water with 14·6 mg/1 P (as KH2Po4 ) 
Temperature = 24°C 
N 
(X) 
involved stirring 600 ml of the test water with various doses of 
alumina ranging from 0.5 to 10 g, corresponding to 0.83 to 16.67 g/1, 
for a 6.5-hr period at 100 rpm, allowing the alumina to settle for 
15 min, and analyzing the supernatant. Since the average orthophos-
phate concentration in the secondary effluent was found to be about 
10 mg/1 P, the same concentration was maintained in the deionized 
and tap water studies. 
·rhe results obtained in this study are presented in Figures 6-
8. The smaller particle size of the XM alumina effected higher re-
movals of phosphorus from all three types of test water, and as the 
particle size increased the removal efficiency decreased, as seen 
in the case of the F-1 type aluminas. This confirmed the findings 
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of Ames and Dean (25) who reported that though the aluminas were all 
high in surface area, grain size still had an effect on the efficiency 
of phosphorus removal. The effect of grain size range was thought 
to be due to the kinetics of phosphorus diffusion from the solution 
surrounding the alumina particle, and through the particle to the 
sorption site. 
The addition of activated alumina to the test waters in the 
batch studies resulted in marked changes in the quality of the super-
natant, as measured in terms of pH, total alkalinity, total and 
calcium hardness. The quality data are presented in Figures 9-11. 
The pH of the deionized water, which was initially around 6, rapidly 
increased to about 8 or 9 and then reached an equilibrium level be-
tween 9.2 and 9.8 as the alumina dosage was increased (Figure 9); 
on the other hand, the alkalinity in the deionized water started 
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throughout the run. However, no hardness was detected in the deionized 
water before or after the test. These changes can be attributed to 
the sodium oxide (Na20) present in the aluminas (see p.17) which was 
hydrolyzed partially to combine with dissolved carbon dioxide forming 
sodium carbonate and bicarbonate. 
The pH of the tap water, which contained bicarbonates and hard-
ness-causing divalent ions, increased sharply from an initial value 
of about ?.4 to around 8.) at a 0.5 g alumina dose, and then levelled 
off at higher dosages (Figure 10). Concurrently, the alkalinity and 
hardness exhibited a continuous drop as the alumina dose was increased 
(Figure 10). In the case of the secondary effluent, the changes in 
pH, alkalinity, and hardness showed the same characteristics as those 
of the tap water (Figure 11). The pH increase might be due to the 
formation of carbonate and bicarbonate resulting from the reaction 
between sodium oxide in the alumina and carbon dioxide in the system, 
and the removal of phosphate through the complexing with calcium and 
magnesium ions was responsible for the decrease in the alkalinity 
and hardness. 
2. Effect of Ions. 
The purpose of this study was to investigate the effect of the 
presence of ions on phosphorus removal. Ames (24) has reported 
that better phosphorus removals were obtained from a waste water 
containing calcium and magnesium than were obtained when calcium or 
magnesium were absent, and attributed this to the bonding of the 
phosphorus onto the alumina surface by a complex formation. The 
data obtained in this study are presented in Figures 12-14. Higher 
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and secondary effluent which contained calcium and magnesium ions. 
An exception was the XM (minus 325) alumina which, for some unknown 
reason, effected lower phosphorus residuals in the deionized water 
than in the tap water (Figure 12). 
The influence of the ionic concentration in the test waters on 
pH is also shown in Figures 12-14. The pH value in the tap water and 
secondary effluent was only slightly affected, and reached an equi-
librium after the addition of alumina irrespective of dosage. How-
ever, an increase was noticed in the case of deionized water and 
the pH approached an equilibrium level between 9 and 10. 
3. Effect of Phosphorus Concentration. 
The purpose of this study was to investigate the effect of the 
initial phosphorus concentration on the removal efficiency of the 
activated alumina. Six additional sets of batch tests were run; 
each set involved stirring 600 ml of either deionized or tap water 
containing 20 mg/1 P (as orthophosphate) with various doses of 
alumina ranging from 1 to 10 g (corresponding to 1.67 to 16.67 g/1) 
for a 6.5-hr period at 100 rpm, and determining the residual phos-
phorus concentration in the supernatant after settling. Secondary 
effluent was not included in this study since it contained only 
about 10 mg/1 P and it was not thought desirable to augment this con-
centration with orthophosphate. 
The data obtained in this study are presented in Figure 15.to-
gether with corresponding data obtained at 10 mg/1 P concentration. 
As the initial phosphorus concentration increased, the fraction of 
phosphorus removed by each alumina decreased even though the amount 
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phosphorus residuals and percentage removals effected by a J g alumina 
dosage (5 g/1) at the two initial concentrations are shown in Table I. 
This dosage was selected because it was the lowest concentration of 
alumina to provide near maximum removals. 
4. Sorptive Capacity of Alumina. 
In order to evaluate the specific capacity* of the activated 
aluminas to sorb phosphate from various test waters, the data ob-
tained from the batch tests were employed to develop the sorption 
isotherms presented in Figures 16-18. The sorptive capacities of 
the three aluminas investigated cannot be generalized because 
capacity was influenced by the particle size and the type of test 
water. All the aluminas exhibited lowest capacity for the removal 
of phosphorus from the deionized water. In the case of the tap 
water and secondary effluent, the specific capacities of the XM 
(minus 325) and F-1 (minus 100) aluminas agreed fairly well at higher 
equilibrium phosphorus concentrations. The F-1 (28-48) alumina did 
have slightly different specific capacities for the tap water and 
secondary effluent, and the difference remained the same irrespective 
of the phosphorus concentration. Within the range of phosphorus 
concentrations employed in this study, the relative capacity of 
phosphorus sorption from the deionized water by the three aluminas 
decreased in the following order: F-1 (minus 100) > XM (minus 325) > 
F-1 (28-48), whereas, from the tap water it decreased as follows: 
XM (minus 325) > F-1 (minus 100) > F-1 (28-48); for the secondary 
*Specific capacity was computed as the amount of phosphorus (mg) 
sorbed per unit weight of alumina (g) at the equilibrium concen-
tration for a given dose; in the batch studies, it was assumed that 
equilibrium was reached after the 6.5-hr mixing period. 
4J 
TABLE I 
EF~l8CT OF INITIAL PHOSPHORUS CONCENTRATION* 
Test Type of Orthophosphate Concentration Removal 
Water Alumina mg/1 P % Initial Final 
XN 10 0.2 98 
(minus 325) 20 ).0 85 
Deionized F-1 to 1.) 87 
Water (minus too) 20 4.4 78 
F-1 to 4.2 58 
(28-48) 20 10.8 46 
XM 10 0.) 97 
(minus 325) 20 0.2 99 
Tap F-1 10 0.5 95 
Water (minus 100) 20 0.8 96 
F-1 10 1.3 87 
(28-48) 20 J.O 85 
XN 
(minus 325) 0 100 
Secondary F-1 
Effluent (minus 100) 10 0.2 98 
F-1 
(28-48) 1.5 85 
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8: 
effluent it was found that the capacity of F-1 (28-48) was much lower 
than those of XM (minus 325) and F'-1 (minus 100). 
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The isotherms shown in Figures 16-18 were found to conform closely 
to the Freundlich empirical relationship expressed as (30, p.101): 
Y = KC l/n (Equation 1) 
where: Y = specific capacity of alumina, mg P/g 
C = concentration at equilibrium, mg/1 P 
K, n = experimental constants. 
The experimental values of K and n for these isotherms, and the specific 
sorptive capacity of each alumina for the three test waters are sum-
marized in Table II. The K values were found to decrease with increased 
particle size of the alumina. The n values were found to be affected 
by the presence of ions in the test water, and in the case of the F-1 
aluminas they were approximately twice as large when ions were present 
than when they were absent; however, the reverse was true in the case 
of the XM alumina. 
B. COLUMN STUDIES 
The column experiments were conducted in three specially designed 
identical glass sorption colums using the F-1 (28-48) alumina as the 
sorbent. The alumina was investigated for its effectiveness in remov-
ing phosphorus from the three test waters. The studies consisted of 
three different experimental series which were undertaken to determine 
the effect of ions on the phosphorus removal efficiency of alumina, 
the effect of the feed rate on the alumina sorptive capacity, and 
the feasibility of regeneration of the used alumina. The details 
and operating conditions of each series are given in Table III. 
1. Effect of Ions. 
The purpose of this series was to evaluate the effect of ions 
present in the feed water on the effectivenss of alumina to remove 
TABLE II 
FREUNDLICH ISOTHERM CONSTANTS AND 
SPECIFIC SORPTIVE CAPACITY OF ACTIVATED ALUMINA 
48 
Type of Test Water Isotherm.Constants Specific Capacity~ Alumina K n mg P/g 
Deionized Water 2.7 5.65 3.6 
XN (minus 325) Tap Water 5.2 3 11.4 
Secondary Effluent 4.8 2.9 10.8 
Deionized Water 1.1 1.28 6.9 
F-1 (minus 100) Tap Water 3.5 2.2 10.5 
Secondary Effluent 4.1 2.38 10.7 
Deionized Water 0.24 1.15 1.86 
F-1 (28-48) Tap Water 1.7 2.15 4.95 
Secondary Effluent 1.29 2.2 3.8 
*Based on an equilibrium concentration, C, of 10 mg/1 P. 
TABLE III 
OPERATING CONDITIONS FOR THE COLill1N STUDIES 
Influent Feed Rate Column Bed* 
Series Column Test Water Phosphorus, C0 gpm/sq ft ml/min Diameter Height 
mg/1 P em em 
I Deionized 
D1 Water 10.0 
I T1 Tap vlater 10.1 0.711 33 
E1 Secondary 9.1** Effluent 
D2 Deionized 10.0 Water 
II T2 Tap Water 9.9 0.345 16 3.81 15.3 
E2 Secondary 10.0** Effluent 
D3 
Deionized 10.0 Water 
III T3 Tap Water 10.0 0.173 8 
E3 
Secondary 9.4** Effluent 
*F-1 (28-48) alumina was used. 






phosphorus. The columns were operated under upflow conditions at a 
feed rate of 0.711 gpm/sq ft and an influent phosphorus concentration 
of about 10 mg/1 P until an equilibrium breakthrough* was obtained. 
Influent and effluent samples from each column were collected at 
suitable intervals and analyzed for orthophosphate, pH, total alka-
linity, and total and calcium hardness. 
The results obtained in the series I (Table III) studies are pre-
sented as phosphorus loading curves for columns E1, T1, and Dt in 
Figure 19. The ions present in the tap water and secondary effluent 
50 
increased the column capacity to remove phosphorus. Immediate apparent 
phosphorus breakthrough was noticed in column D1 and the effluent phos-
phorus concentration increased until it reached 15 percent of the 
influent concentration at 1?2 column volumes and then decreased; it 
was then followed by a second breakthrough at JOO column volumes. 
The capacities of columns E1 and Tt were found to be much larger than 
that of column Dt• At 1 percent breakthrough, the throughput volumes 
in E1 and Tt were 75 and 100 1 corresponding to 4JO and 575 column 
volumes, respectively. The sporadic breakthrough characteristics of 
column D1 could have been due to the absence of ions in the deionized 
water and to the flow rate employed. The higher phosphorus loadings 
obtained with columns E1 and T1 could have resulted from the formation 
of complexes with the calcium and magnesium ions present in the test 
water. A calcium or magnesium-phosphorus complex that was bonded onto 
the alumina surface could have yielded a greater removal than would 
have been possible by the surface area alone. The lower capacity of 
*Equilibrium breakthrough is obtained when the effluent phosphorus 
concentration reaches a constant value. 
Column Volumes (174-ml Bed) 
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Figure 19. EFFECT OF IONS ON PHOSPHORUS LOADING 
Column - Alumina F -I ( 28- 48) 
Feed Rate = 0·711 gpm/sq ft ( 33 ml/min) 




column Et compared to column T1 could be attributed to a higher total 
(organic + inorganic) phosphorus concentration of 11.5 mg/1 P in the 
secondary effluent which had an organic phosphorus content of 
1.5 mg/1 P. 
Yee (12,13) has reported that the removal of phosphorus by acti-
vated alumina columns could be achieved without altering the chemical 
composition of the treated water. The effect of the columnar sorption 
of phosphorus on the quality of the effluent was evaluated in terms 
of pH, alkalinity, and hardness. The relationship between the above 
parameters and the volumetric throughput are presented in Figures 20-
52 
22. All three activated alumina columns (D1, T1, and E1) initially pro-
duced effluents with a slightly higher pH than the influent; however, 
as more influent was pumped into the column the effluent pH decreased 
gradually reaching an equilibrium condition at breakthrough. The pH 
of the effluent at equilibrium was more or less equal to that of the 
influent and continued to be the same throughout the remainder of the 
run. 
The total alkalinity of the effluents from columns T1 and E1 was 
found to decrease from an initial value of about 230 mg/1 to 150 mg/1 
as caeo3 , and then gradually to increase (Figure 21). Thereafter the 
alkalinity reached an equilibrium value of about 220 mg/1 in the case 
of T1, but gradually dropped in the case of E1• The alkalinity in the 
effluent from the column n1, which had an initial low value of 8 mg/1, 
showed a definite rise to 72 mg/1 and then a drop to near the initial 
value at 325 1 throughput corresponding to about 1,880 column volumes. 
The total hardness of the effluents from columns T1 and E1 dropped 
to zero from an influent hardness of 256 mg/1 and 300 mg/1 as CaC03, 
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EFFLUENT HARDNSS AND 
Column - Alumina F- I ( 28- 48} 
Feed Rate = 0·711 gpm/sq ft. ( 33 ml/mln) 
Temperature = 24°C 
respectively; this occurred at a throughput volume of 3.7 1 (Figure 
22). As test water continued to be pumped into the columns, the 
effluent total hardness gradually increased to 276 mg/1 for column T1 
and 256 mg/1 for column E1; thereafter it varied until the break-
through occurred and then stabilized at a value of about 250 mg/1. 
The characteristics of the effluent calcium hardness were very similar 
to those of the effluent total hardness. Column n1 , which was fed 
with the deionized water, produced an effluent which at no time ex-
hibited any hardness. 
2. Effect of Feed Rate. 
The objective of this study was to investigate the effect of 
flow rate on the phosphorus loading capacity of the alumina bed. 
Three flow rates, 0.711, 0.345 and 0.173 gpm/sq ft, were evaluated. 
When the 0.711 gpm/sq ft rate was employed, the columns were operated 
until an equilibrium breakthrough condition had been reached; how-
ever, when the 0.345 and 0.173 gpm/sq ft rates were used, the columns 
were operated to about 35 percent breakthrough. 
The performance of the columns at the three rates is shown in 
Figure 23, and the volumes of phosphorus-free water produced at break-
through for each specific flow rate are summarized in Table IV. The 
higher the flow rate, the lower was the phosphorus loading capacity 
and vice versa. However, the feed rate and loading capacity did not 
follow a linear relationship. For instance, when the feed rate into 
column T (tap water) was reduced by 50 percent, the column capacity 
increased only by 20 percent; and when the initial feed rate was 
decreased by 75 percent the loading was enhanced by 50 percent (Table 
IV). Similar relationships were observed in column E loaded with 
56 
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Figure 23. EFFECT OF FLOW RATE ON PHOSPHATE REMOVAL BY ALUMINA COLUMNS 
Column -Alumina F-1(28-48) 










VOLUME OF PHOSPHORUS-FREE WATER 
PRODUCED AT COLUMN BREAKTHROUGH 
Alumina Flow Rate Throughput 
Column gpm/sq ft ml/rnin Volume Column 1 Volumes 
D1 0.711 33 -- --
D2 0.345 16 -- --
D3 0.173 8 24 140 
T1 0.711 33 100 575 
T2 0.345 16 120 690 
T3 0.173 8 150 862 
Et 0.711 33 75 430 
E2 0.)45 16 100 575 
E3 0.173 8 130 747 
.58 
the secondary effluent. No correlation could be obtained for the 
column loaded with the deionized water (D) as there was an apparent 
breakthrough occurring very early at each feed rate employed in this 
study. 
Neufeld and Thodos (23) and Ames and Dean (25) have postulated 
that the sorption of phosphorus on alumina involved ion exchange re-
actions as one of the possible mechanisms. In an ion exchange pro-
cess, the breakthrough capacity is a function of the particle size 
of the sorbent, the bed volume, flow rate, solute concentration and 
temperature, and the capacity of the column at breakthrough decreases 
with increased flow rate (30, p.1o4). This is confirmed by the 
findings of this study. 
3. Regeneration of Used Alumina. 
Yee (12,13), who was the first to use acidified activated alumina 
for removing phosphorus from a low-level radioactive process waste 
water, reported that the exhausted alumina could be eluted with 1M 
NaOH and reacidified with 1M HN03 before reloading. Following his 
work, Neufeld and Thodos (23) conducted studies with acid-treated 
alumina for phosphorus removal from synthetic aqueous solutions and 
assumed that the acidic regeneration of the used alumina was necessary. 
Later, Ames and Dean (24,25) published their results of laboratory 
studies undertaken to evaluate the removal of phosphorus from a 
trickling filter plant effluent in alumina columns. They reported 
that the alumina column could be satisfactorily regenerated with 2M 
NaOH alone, and that no acidic wash was required; in fact, according 
to these investigators, acidic elution left the alumina column in a 
condition that was detrimental to phosphorus reloading. 
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In order to investigate the feasibility of regeneration of the 
used alumina, the columns in all three series (Table III) were eluted 
with 2.5 1 (about 14 column volumes) of 2N NaOH at a flow rate 
0.129 gpm/sq ft (6 ml/min). The three columns in all series were 
drained before and after elution, and the columns in the second 
series were additionally washed with about 55 column volumes of 
distilled water. The elution curves are presented in Figure 24. The 
higher phosphorus content in the 2.5 l of the spent regenerant in 
columns D1, T1, and E1 was due to the loading of these columns until 
an equilibrium breakthrough was obtained. 
Table V summarizes the regeneration efficiency of the various 
columns which was calculated from the ratio of the quantity of Po4 
ions eluted from the alumina to the quantity of OH- ions present 
in the volume of the regenerant used. In order to evaluate the re-
generation efficiency under comparable conditions, only the columns 
in the two series which were loaded to approximately 35 percent break-
through were considered in preparing Table V. The regeneration ef-
ficiency decreased as the contact time between phosphorus and alumina 
increased during loading. The columns fed with tap water showed 
higher regeneration efficiency compared to the other columns. 
The pH of the wash water from the columns ~. T2, and E2 was 
measured and is shown graphically in Figure 25. The initial pH of 
the wash water was 14 and decreased to around 10.8 after 50 column 
volumes of distilled water had been passed through the column. 
Following regeneration, the loss of alumina in each column of 
the first and second series was determined, and found to be in the 
range of 10.8 to 13.4 percent in the first series, and 8 percent in 
the second series. 
60 
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Figure 24. REGENERATION OF THE ALUMINA COLUMNS WITH A 2M SODIUM HYDROXIDE SOLUTION 
Column - Alumina F- I ( 28- 48} 
Elution Rate = 0·129 gpm/sq ft (6ml/min) 
Temperature = 24°C 0\ 
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TABLE V 
EFFICIENCY OF ALUMINA REGENERATION 
2M NaOH Total OH- Ions Total P04-3 Ions Regeneration 
Column Used Supplied* Eluted Efficiency** 
1 g gP % 
T2 2.1 6.36 
T3 1.66 5.0 
D2 1.49 4.76 
1.6 54.4 
D3 1.28 4.5 
E2 1.42 4.34 
E3 1.13 3.41 
*Computed as: 1.6 1 x 2M x ( 17 g OH-/M-1] = 54.4 g. 
**Based on each g P04-3 ion expressed as P being equivalent to 
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= 0· 711 gpm /sq ft ( 33 ml/min) 
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V. DISCUSSION 
The main purpose of this research study was to investigate the 
sorption method of removing phosphates from waste water with acti-
vated alumina; this was accomplished in batch tests and in continuous 
upflow laboratory sorption column studies using deionized and tap 
water to which inorganic phosphate has been added and secondary 
effluent from bench-scale activated sludge units. The capacity of 
the activated alumina to sorb phosphates in the presence of other 
ions, the effect of the influent flow rate and phosphorus concen-
tration on the efficiency of the process, and the feasibility of 
regeneration of the used alumina were evaluated. 
The batch studies have shown that activated alumina had a greater 
capacity for removing phosphorus from tap water and secondary effluent 
than from deionized water; however, each type of alumina had a dif-
ferent removal capacity for each test water. The XM (minus 325) 
alumina was found to sorb almost three times more phosphorus from 
tap water and secondary effluent than from deionized water; for the 
F-1 (minus 100) and F-1 (28-48) aluminas the ratio of their sorptive 
capacities in water containing other ions and deionized water was 
about 1.5 and 2 to 2.7, respectively. The increased capacity was 
due to the presence of hardness-causing ions, such as calcium and 
magnesium ions, in the tap water and secondary effluent. Ames and 
Dean (25) have also reported that the concentration of calcium and 
magnesium ions affected markedly the capacity of alumina columns to 
remove phosphorus, and that in the absence of these ions the capacity 
of the alumina decreased to about one-half the value obtained in the 
presence of these ions. According to these investigators, the fraction 
64 
of phosphorus removed as a calcium or magnesium-phosphorus complex 
might increase as the phosphorus concentration increases, resulting 
in larger removals than could be anticipated on the basis of alumina 
surface area alone. This is substantiated by the findings of the 
present investigation, summarized in Table VI, which indicated that 
at a 10 mg/1 P initial concentration, the capacity of the F-1 
(28-48) alumina to remove phosphorus from deionized and tap water 
was 1.16 and 1.74 mg P/g, respectively; this corresponded to an 
additional alumina capacity due to the presence of calcium and 
magnesium ions of 0.58 mg P/g which increased to 1,56 mg P/g at a 
20 mg/1 P initial concentration. However, in the case of the F-1 
(minus 100) and XM (minus 325) aluminas, the capacity by virtue of 
the other ions was smaller than that obtained with F-1 (28-48) alumina; 
this could be attributed to the larger surface area of the finer grade 
aluminas yielding larger phosphorus removals from the deionized water. 
The column studies have indicated (Table VII) that increasing 
the influent flow rate reduced the alumina capacity to remove phos-
phorus resulting in progressively earlier breakthrough in the columns 
fed with tap water and secondary effluent; however, as shown in :F'igure 
26, the relationship between the flow rate and the throughput volume 
at breakthrough was not linear. The column receiving the secondary 
effluent was found to have slightly lower capacity than the column fed 
with tap water. Similar characteristics have been observed by Ames 
and Dean (24,25) in two 7.6-ml alumina (20-48 mesh) columns fed at 
0.5 gpm/sq ft with the Richland trickling filter plant effluent and 
with a synthetic secondary sewage effluent, both containing a 10 mg/1 P 




EFFECT OF OTHER IONS PRESENT IN THE TEST WATER 
ON THE PHOSPHORUS REMOVAL CAPACITY OF ALUMINA* 
Tap Water Containing Other Ions Deionized Water Increase in 
Activated f04 Concentration Removal PU4 Concentration Removal Capacity Due 
Alumina mg/1 P Capacity mg/1 P Capacity to Other Ions# Initial Final mg P/g Initial Final mg P/g 
1 2 3 4 5 6 7 
XM 10 0.3 1.94 10 0,2 1.96 
(minus 325) 20 0,2 3.96 20 3.0 3.40 
F-1 10 0.5 1.90 10 1.3 1.74 (minus 100) 20 0,8 3.84 20 4.4 3.12 
F-1 10 1,3 1.74 10 4.2 1,16 
(28-48) 20 3.0 3.40 20 10,8 1.84 
-
*Based on batch tests using a 5 g/1 alumina dose and a 6.5-hr mixing time, 













EFFECT OF FLOW RATE ON ALUMINA CAPACITY 
Feed Influent At Initial Breakthrough* 
Test Water Type of Column Rate Phosphorus 'l'hro~~put Phosphorus Capacity 
gpm/sq ft mg/1 P Bed Volumes as mg Pfg as mg P04/g 
0.711 10.1 575 6.3 19.3 
Tap Water 0.)45 9o9 690 8,0 24.6 
174-ml Upflow 0,173 10 862 9.4 28,8 Bed of F-1 (28-48) 
0.711 9.1** 4.3 Alumina 430 13.0 
Secondary 0.)45 10** 575 6.3 19,2 Effluent 
0,173 9.4** 747 7.7 23.4 
Low-Level 200-ml Fluidized Radioactive 
Process Waste Upflow Bed of 5.5 0.3;## 4o,ooo+ >6 • .5 >20 
Water# F-1 (80-200) Alumina (average) 
Synthetic 
Secondary ?.6-ml Downflow 10 640 2.1 6,4 Effluent* 
Bed of (20-48) 0 • .5 
Secondary Alumina 10** .520 1, 7 .5.3 Effluent* 
'----- ---
*Complete (10Q%) phosphorus removal was obtained until the initial breakthrough occurred. 
**Average values are given. 
#nata from the work of Yee (12,13), 
##computed from an influent mixed phosphate concentration of 1 to 3 mg/1 P04, 
+At 50 percent breakthrough: complete removal was not obtained at any time, 
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was found to have been reduced when the Richland effluent was used. 
According to these investigators, a part of the bicarbonate that was 
present as alkalinity (about 115 mg/1 as HC03-) in the Richland 
effluent might have been adsorbed on the alumina surface along with 
the phosphorus resulting in reduced capacity; however this cannot 
account for the difference between the two test waters because the 
synthetic secondary effluent used had an even greater bicarbonate 
alkalinity (about 300 mg/1 as HC03-). On the other hand, the 
synthetic waste was fortified with inorganic phosphorus, and this 
could account for the higher phosphorus capacity observed; it is 
possible that a lower capacity may have resulted in the Richland 
effluent which was more likely to contain both organic and inorganic 
phosphorus yielding a total phosphorus concentration greater than 
10 mg/1 P. The phosphorus loading curves with deionized water 
(Figure 23, p.57) indicate that the removal mechanism may be due 
to an ion exchange process as described by other investigators 
(12,13,23,24,25) of alumina adsorption phenomena, but may also be 
due to the surface and chemical reactions as evidenced by the phos-
phorus elution data (Figure 24, p.61). 
The performance of the alumina columns from the standpoint of 
their ability to remove phosphorus from waters of different ionic 
concentration was found to be excellent, as indicated by the 100-
percent phosphorus removal obtained with tap water and secondary 
effluent; this was not so with the deionized water, which did not 
contain any ions, as shown by the phosphorus leakage from the 
column (Figure 23, p.57). However, there was noticeable difference 
in the phosphorus removal capacity of the columns receiving tap water 
and secondary effluent, inspite of the fact that both had more or 
less the same ionic concentration as measured in terms of alkalinity 
and total and calcium hardness. On the other hand, the tap water 
had an average pH of about 7 and was fortified with phosphorus in 
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the inorganic form (10 mg/1 P), while the secondary effluent had an 
average pH of around 8.2, a COD of about 30 mg/1, and contained both 
organic and inorganic phosphorus (in one case 1.5 and 10 mg/1 P, re-
spectively). The lower capacity of the alumina column in the presence 
of the secondary effluent could be explained on the basis of two 
reasons. First, at the pH of 8.0 to 8.4 there was a possibility 
that calcium carbonate* could precipitate from the secondary effluent 
*On the basis of the following data 
pH = 8.0 to 8.4 
total alkalinity = 192 to 234 mg/1 as CaC03 
calcium hardness = 126-176 mg/1 as CaC03 
and taking into consideration the second ionization constant, K2, of 
carbonic acid (31, p.59) 
K = [H+][co31 = 4 7 x ro-'' 
2 [HC03] . 
the fact that at a pH of 8.0 to 8.4 essentially all alkalinity was in 
the form of bicarbonate alkalinity, and consequently 
[HCO- )- ( 192 to 234 ) x 10-3 = (I 92 to 2 34) 10-3 moles/! 3- 100 . . 
and the hydrogen ion concentration corresponding to the pH values 
[H+] =(10 to 4)10-9 moles/1 _ 
the concentrations of ca++ and COj can be computed as follows: 
[c0 ++J= (126tol76 ) x I0-3=(1.26toi.76)I0- 3 moles/l 
100 
[ =]- (K2)[HC031 = 4.7xi0-11x(l.92 to _2.34) 10-3 = (0. 9 to 2.76) 1o-5moles/l 
co3- [H+J (IO to4)IO 9 
The product: 
[c0 ++][co3J=< 1.26 to 1.76) ro-3x < 0.9 to 2.76) ro-5= < 1.13 to 4.86) 10-8 
was greater than the solubility product, Ksp' of CaC03 which is 
5 x to-9 (31, p.357). Calcium carbonate could, therefore, precipitate 
out of solution. 
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onto the alumina particles thereby reducing the available surface 
for phosphorus sorption. Second, although the alumina capacity was 
determined on the basis of orthophosphate removal alone, the secondary 
effluent contained an additional amount of organic phosphorus (approxi-
mately 15 percent of the inorganic phosphorus present). Limited data 
indicated that the alumina was capable of removing both forms of phos-
phorus, and consequently the column was actually receiving a higher 
total phosphorus concentration in the case of the secondary effluent. 
On this basis, if the capacity at initial breakthrough (Table VII) 
of the column fed at 0.345 gpm/sq ft is recomputed to account for 
the organic phosphorus present, the value will change from 6.) to 
7.2 mg Pjg, an increase of about 15 percent. This value is still 
lower than the 8 mg P/g capacity determined for tap water (Table VII); 
however, calcium carbonate precipitation should also be considered. 
The phenomenon of the blockage of phosphorus sorption on the 
alumina surface was investigated by Ames and Dean (24,25) through 
X-ray diffraction of an alumina sample from a column loaded with 
synthetic secondary sewage effluent and eluted with a sodium hydroxide 
solution for several consecutive cycles. The column contained 7.6 ml 
of 100 to 200 mesh alumina and received the synthetic waste, which 
had a pH of 8.2 and an orthophosphate concentration of 6.7 mg/1 P 
at a flow rate of 1.0 gpm/sq ft. According to Ames and Dean, the 
calcite (CaCO;) that was precipitated at pH values greater than 8 
during loading formed a coating on the alumina grains which lowered 
the alumina sorption capacity. They also reported that such a coating 
problem was not encountered with a natural waste water effluent (Rich-
land trickling filter plant effluent which had a pH of 7.2 to 7.8) 
when it was passed through a 1,000-ml 20-48 mesh alumina column. 
However, in the latter case, the product of the concentrations of 
calcium and carbonate ions did not exceed the solubility product, 
Ksp• of calcium carbonate.* 
Regeneration of the activated alumina with a 2l<l sodium hydroxide 
solution alone was found to be efficient. The amount of phosphorus 
released by the alumina during elution was highest in the columns fed 
with tap water and lowest in the columns receiving secondary effluent 
(Table V, p.62). This was due to the lower phosphorus removal 
effected in the secondary effluent columns by the coating of calcium 
carbonate formed on the alumina. The alumina columns charged with 
deionized water released a slightly higher amount of phosphorus 
during elution when compared to the secondary effluent columns; 
there was phosphorus leakage in the effluent of the deionized water 
columns even though all columns were operated to reach more or less 
the same amount of breakthrough. 
Work conducted to date on the removal of phosphorus by sorption 
on activated alumina both in the present investigation and in related 
studies reported in the literature (12,13,24,25) has employed small 
*On the basis of the following data reported by Ames and Dean (24,25) 
pH = 7.2 to 7.8 
alkalinity = 180 to 190 mg/1 as CaC03 
calcium = 25 to 40 mg as ca++ 
and following the procedure outlined in the footnote on p.?O, the 
product (Ca* ][ co3=] was computed to be (1.34 to 5.6)1o-9 which was 
generally lower than the Ksp value of 5 x lo-9. The precipitation 
of calcium carbonate, if any, in this case would not, therefore, be 
significant. 
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laboratory-type column beds. Although these studies have been 
effective in establishing the fundamental aspects of the process, 
there is a need to extend this work by obtaining experimental data 
from the operation of larger pilot plant-type beds which can be ex-
pected to more closely reflect actual operational conditions. 
Column operation offers the advantage of ease of regeneration 
and backwashing of the alumina bed. However, operational problems, 
including clogging of the column and formation of a stream-line 
through the bed, were encountered with the smaller grain size aluminas 
(such as the XM minus 325 mesh and the F-1 minus 100 mesh) and made 
difficult their use in column studies; yet these two types of alumina 
could be expected to have a higher sorptive capacity and a faster 
sorptive rate than the coarser F-1 (28-48) alumina which was used in 
the laboratory column studies. Rapid mix followed by sedimentation 
might be a means of overcoming these difficulties. This approach 
should reduce the chemical cost because it will enable the use of 
73 
the more effective finer alumina, but would at the same time complicate 
the regeneration of the used alumina. This is an area where additional 
research would be desirable. 
The feasibility of using activated alumina to remove nitrogen, 
in addition to phosphorus, should also be considered. According to 
the sorptive characteristics of activated alumina presented by Ames 
and Dean (24,25), it is believed that in the absence of ions such as 
oxalate, fluoride, and sulfite, alumina might be capable of effectively 
sorbing some forms of nitrogen (nitrite and nitrate) in waste water. 
However, on the basis of the information reported in the literature, 
this has not yet been investigated. 
VI. CONCLUSIONS 
On the basis of the results obtained in this investigation, the 
following conclusions were drawn: 
1. Activated alumina had a greater capacity for removing phosphorus 
in the presence of hardness-causing ions; each type of alumina 
had a different removal capacity for each test water used. 
2. The sorptive capacity in tap water and secondary effluent of the 
XM (minus 325), F-1 (28-48), and F-1 (minus 100) aluminas was 
respectively 3, 2 to 2.7, and 1,5 times greater than it was in 
deionized water. 
3. The sorptive capacity of the three aluminas in the three waters 
tested decreased as follows: 
74 
Deionized Water F-1 (minus 100) > XM (minus 325) > F-1 (28-48) 
Tap Water XN (minus 325) > F-1 (minus 100) > F-1 (28-48) 
Secondary Effluent: XM (minus 325) ~ F-1 (minus 100) > F-1 (28-48) 
4. The fraction of phosphorus removed by each alumina decreased when 
the initial phosphorus concentration in the test water increased; 
however, the amount of phosphorus removed on a unit weight basis 
was greater. 
5. The treated water in the batch studies showed a marked change in 
quality, as measured in terms of pH, total alkalinity, total and 
calcium hardness; the effluent in the column studies initially 
exhibited a slight change in quality, but gradually returned to 
the characteristics of the influent. 
6. The influent flow rate inversely affected the phosphorus loading 
capacity of the alumina columns charged with tap water and 
secondary effluent, however, the relationship between the feed 
rate and loading capacity was not found to be linear; when the 
feed rate was reduced by either 50 or 75 percent, the column 
capacity correspondingly increased by 20 or 50 percent. No 
correlation could be obtained for the column loaded with the 
deionized water as there was an apparent breakthrough occurring 
very early at each feed rate employed. 
7. Regeneration of the activated alumina with a 2M sodium hydroxide 
solution alone was found to be efficient. The regeneration 
efficiency decreased as the contact time between phosphorus and 
alumina increased during loading. 
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VII • RECOMMENDATIONS FOR FUTURE RESEARCH 
This investigation has established, on the basis of batch and 
column studies, that activated alumina was an effective sorbent for 
reducing the phosphorus concentration in the waste water. In the 
course of the investigation, it became apparent that the research 
areas outlined below required further study. 
?6 
1. The removal of phosphorus from waste water with activated alumina 
should be further evaluated in continuous-flow pilot plant-type 
beds, and emphasis should be placed on methods for spent regenerant 
recovery and disposal. 
2. The feasibility of phosphorus removal from secondary treatment 
plant effluent using a rapid mix-sedimentation system and finer 
grain aluminas should be investigated, and the economics of both 
capital and operational cost should be determined. 
3. The ability of activated alumina to remove nitrogen, in addition 
to phosphorus, should be considered. 
4. The mechanism of the physico-chemical reactions involved in 
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